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ABSTRACT
The purpose of this work was to study natural convection heat 
transfer from isothermal vertical and horizontal flat plates. The heat 
transfer apparatus employed was similar to that used earlier by Saunders 
(28). Two non-Newtonian and and one Newtonian fluid were used in the 
experimental work.
The experimental results, expressed in terms of dimensionless 
quantities, were correlated by the method of least squares and were found 
to satisfy the theoretical expression derived by Acrivos (l) for laminar flow:
V  -
This expression is valid for both Newtonian and non-Newtonian fluids.
Values of c were evaluated experimentally for the case of a plate in the 
following positions: vertical, horizontal heated face up, and horizontal
heated face down. nave represents the arithmetic average of all the experi­
mental values of n ' over "the jjangey defined by the limits of each equation.
1. Vertical plates
_ 0.275
(a) nave . 0.891 NNu = 0.65 (NGrNpr)
0.877 <  n <  0.896
102 <  Npr <  11*5
1.01+ X I0k <  NGr <  5.56 X 10k
2k . l* <  nNu _ <  1U9
iii
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(b ) %ye .  0.72 V  = 0.58 (NGrN” r )0 ' 325
0.682 C  n O.7I+7
9.16 X 102 <  Npr <  2.00 X 105
2.96 x 102 «£ N_ r  2.57 X 10^W
18.2 N <  96.0
Nu
2. Horizontal Plates, Heated Face Up
(a) "ave “ O.-W * °-628 ( V " ? / ' 32'
0.686 41 n <  0.7^9
1.06 x  105 <r Npr 1.83 X 105
x k
1.92 x  n r  <  n0 ^  1.33 x  10\jX
3°.9 ^  nNu <  7^.6
«  “ ave ■ °-891 NSu "  G ^ M b ^ ) 0'27
£.26 X 106 A  NGrK” 2.0 X 107
0.896 <=: n 0.879
28.5 <  NNu <  82.0
3 . Horizontal Plates, Heated Face Down
(a ) n ave -  0.887 B„u -  0.^ ( B ^ ) 0 -28
O.876 n <£ 0.896
89.8 NPr I36
8.82 X 10^ <1 NQr ^  3 .5^ X 106
20.9 ^  nNu <  55.5
iv
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(b) n v =■ O.7O3 N = 0.227 (NP n“ )°*55\ / ave Nu 1 ' Gr Pr'
0.652 n 4 O.jjk
1.01 X 105 <  Npr -£ 2.U8 X 105
2.05 X 105 <; NGr < 1.56 X 105
1U.8 < nNu * 33.5
In the case of the horizontal plate with the heated surface up, turbulent
flow was observed to occur at N_ N _ n = 2 X 107 . Heat transfer data wasGr Pr
correlated using the expression
N = c(N Nn Nu ' Gr Pr'
or specifically for n » 0.893
N = 0.17 (N_ N" )°*55Nu 1 ' Gr Pr'
2 X 107 NGirNjr <  108
0.888 c n ^  0.898
’ ' 75 *  n n u ^  15°
The heat transfer results for water were found to be in close 
agreement with existing correlations.
Vk
Vertical Plate N^u = 0.5^ £NGrNpr)
107 ^  NGrNpr 2 X 109
30 nNu  ^  125
Horizontal Plate. Heated Face Up
V5
NNu “ ° * ^  (NG r V
J.k X 107 <  NGrNpr c  9.7 X 109
U5.1 C  N 129Nu
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Horizontal, Heated Face Down
NNu = °*2^ N^GrNPr^
1,58 X 108 -C NGrNpr ^  7A  X 108
27.5 <  nNu 37.2
vi
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CHAPTER I
INTRODUCTION
The increasing emergence of non-Newtonian fluids such as molten 
plastics, pulps, emulsions, etc. as important raw materials and products 
in a large variety of industrial processes, has stimulated a considerable 
amount of interest in the behavior of such fluids when in motion. In 
particular what has been studied more intensely for obvious practical 
reasons is how momentum and heat are transferred to a moving non-Newtonian 
fluid under the more common flow configurations usually met in practice.
It is understandable therefore, that some of the simpler problems of 
classical hydrodynamics, such as pressure drop and heat transfer in pipes 
and channels flow between rotating concentric cylinders, etc., have been 
re-investigated by using various.- types of non-Newtonian fluids. The 
results of these studies are to be found in a review article by Metzner
(23).
While the study of natural convective heat transfer is old, 
dating back to a pioneer paper by Lorenz (21) in 1881, little attention 
has been given to the study of free convective heat transfer to non- 
Newtonian fluids with the exception of recent papers by Acrivos (l) and 
St. Pierre (3^).
The problem studied in this thesis is basically two-fold: 
v, first, to experimentally investigate the effects of non-Newtonian beha- 
. vior on the phenomena of natural convection; and second', , to find 
suitable dimensionless groups which can satisfactorily correlate the 
experimental data.
1
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The desired result of this study of natural convection heat 
transfer to non-Newtonian fluids from isothermal vertical and horizontal 
flat plates was to show that well-established expressions for the rate of 
heat transfer to Newtonian fluids may be generalized to include the non- 
Newtonian effects.
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CHAPTER I I
LITERATURE SURVEY
The various factors involved in the natural convection of heat 
from a vertical plane to a fluid were revealed in 1881 in a pioneer 
paper by Lorenz (21). He assumed that heat was transferred by conduction 
to a layer of fluid flowing upward in laminar motion under the influence 
of buoyancy. The wall temperature was assumed uniform, and no horizontal 
components of velocity were considered. The Lorenz equation is of the 
form:
hcL 
k
In 1922, Griffiths and Davis (12) determined the distribution 
of velocity and temperature close to vertical plates by direct measurements. 
Using plates three to four feet high, they verified Lorenz1 result that h 
is an; inversefunction ' of", the^'height.;. Employing a plate nine feet 
high, the author^ found that at a distance of approximately one-fifth of 
an inch from the surface and above a certain height neither the velocity 
or temperature increased any more - thus they guessed the motion of the 
air was turbulent.
Various experimental investigations by Koch (20), Schmidt (30), 
Nusselt and Jurges (2l+) and Heilman (15) followed in which the temperature 
and velocity distributions in the air streams were measured. The significant 
facts to be observed are these:
3
Y « C X'
■ 0.5^8 A  S A T  £ #  
.2 kL, v
%
(1)
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(i) the velocity at the surface is zero, increasing to a maximum at a
distance of 2 or 3 mm, after which it falls off rapidly.
(ii) the velocity increases rapidly along the height of the plate
(reaching a limiting value depending upon the total height and 
temperature rise of the surface).
(iii) the air streams do not move altogether vertically over the plate, 
but are drawn in diagonally.
(iv) the temperature gradients are steep and straight near the surface - 
the slope being steepest near the bottom edge and rapidly approaching 
a constant value at higher levels.
(v) the fluid flowing over the upper portions of the plate has less
capacity for absorbing heat from the surface since it has been 
warmed from below.
The occurence of turbulence in the convection currents along a 
tall surface was noted by Koch (20).
The fundamental equations for the general problem of free convec­
tion have inherent difficulties when attempting a direct integration of 
the general differential equations of hydrodynamics and heat flow. For 
this reason the solutions have generally been obtained by some other method, 
such as transformation of coordinates, the principle of similitude, dimen- 
sionless analysis, or by special mathematical techniques leading to approxi­
mate solutions. The result is usually reducible to the form
where the constant "C?1 and exponent "a" are determined from experimental 
results, Using measurements obtained from a study of natural convection
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
heat transfer to air, Schmidt and Beckman (3I) found the following empiri­
cal equation for short vertical plates (less than 2 feet high):
hcL
—  = 0.52  
k
l.V2gBAT Cpn~]A 
. M2 k_
In 1932* King (19) correlated his own data for short vertical
planes (one-half inch to twelve inches) with those of other observers for
vertical plates and tubes. Using the height L in both the N„ and N_ , theNu Gr*
data were closely correlated by the logarithmic plot of N^u vs 
The results of his correlation are the following:
k n u = ° - 15 - [ V p 3  ° ‘ 1? 5 ' 5 x  10^  ^ lt)1 2  A )
* V  “ °-55 10kC NR a < 5 .5 X 107
Data for horizontal cylinders (with L replaced by diameter), for a sphere 
with L replaced by radius and for blocks with L given by:
1 1 . 1  
+
vert horiz
were correlated by the same curve as for vertical surfaces - a similar 
finding was made by Jakob and Linke (l6)'. Extensive data for short verti­
cal plates was obtained by Weise (39)* Saunders (28) and Carne (^) for 
natural convection heat transfer to air. The recommended correlation was 
the following:
• w  ■ °-13 p G r V ] 1/5
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6k 9for 10 N_ N_ ^  1CTGr Pr ^
and NHu = 0.59 [NGrNpg
k
for N_ N_ <  10Gr Pr
\
In 1939, Saunders (2.9) obtained approximate solutions for the 
equations of motion and heat flow for the case of natural convection from 
a vertical plane. The solutions were entirely theoretical and independent 
of measured temperature and velocity gradients. Saunders also obtained 
experimental results for heat losses from a vertical flat plate in mercury 
and water. Later in 19^ -8, Touloukian, Hawkins and Jakob (37) studied heat 
transfer by natural convection from vertical cylindrical surfaces to water 
and ethylene glycol. The results of their correlation for the laminar 
range was the following;
NX» - °-?2S [ V p r ^  
and for the turbulent ran^e:
knu - °-06^  [ V V 1'2! ] /j
Interferometric studies of the measurement of heat transfer by 
free convection to air from cylindrical bodies and flat plates have been 
made by Boelter and Cherry (3) and Echert and Soenghen (6) respectively. 
Boelter and Cherry made use of the "Schlieren Method" while Echert and 
Soehnghen employed a "Zehnder - Mach Interferometer".
The variable fluid property problem in free convection was 
analyzed by Sparrow and Gregg (32) in 1958 for laminar free convection on
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
an isothermal vertical flat plate. This study resulted in a shorthand pro­
cedure for calculating free-convection heat transfer under variable - pro­
perty conditions which involved the use of results derived for constant - 
property fluids and reference temperatures for extending these constant - 
property-results to variable - property situations.
Hara (13, 14) presented a solution to the variable fluid property 
problem in free convection for air using the perturbation theory in 195^> 
and in 1958 extended his work for large temperature differences using 
Tamaki's (36) successive approach method. Nusselt numbers were calculated. 
The following formula derived from the solution was computed by the per­
turbation theory and is shown to hold approximately for large values of
e, *“ (T0 - O A o o -
NvrNu . _ nrr.
—  = 1 + 0.055 e
N^Nu^e= 0
Using a modified Integral Method Fujii (8) analysed the laminar 
free convection heat transfer from a vertical flat surface.
Two approximate solutions are proposed for the isothermal surface 
temperature problem; one for the cases of Npr 0.1 and the other for any 
value of Npr . Results are compatible with those obtained by Ostrach (25) 
and by Sugawara and Michiyoski (35).
For the non-isothermal surface problems a few solutions are given. 
The results of numerical calculations show that the equal-heat-rate equi­
valent height is approximately equal to 1/2JL. (L = plate height).
The free convection heat transfer from a vertical cylinder to 
ethylene.!glycol and water were studied by Fujii (10) in 1959* The local 
heat transfer coefficients were measured directly and dimensionless heat
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
transfer coefficients are given as follows:
IV, ILGrx Pr
N.Nu
10
8.5 < NGrNPr x 10 ■ N:Nux
= o.it9
= o .65
» 0 .87 |n„_n.
NGr Pr
Grx Pr
N.Nu = 1.16 vv]X 155
The temperature distribution in the laminar, vortex street and 
turbulent boundary layer were measured and later used in a study of the 
vortex street (9) and in an analysis of the turbulent free convection 
heat transfer from a vertical surface (11).
The only theoretical analysis of laminar natural convection heat 
transfer to non-Newtonian fluids was made by Acrivos (l) in i960. Employing 
the Power Law model, Acrivos obtained an asymptotic solution of the appro­
priate laminar boundary layer equations and predicts that the average rate 
of heat transfer in laminar free convection may be computed from the 
expression: .
N.t = C L n 
Gr Pr
Jn+l
Values of C are tabulated as a function of the geometry of the body and 
flow behavior index. The recommended average of C is given as 0.55•
An experimental study of natural convection heat transfer to 
non-Newtonian fluids confined between horizontal plates was carried out 
by St. Pierre (3*0 in 1962. Five different non-Newtonian and two Newtonian 
fluids were employed resulting in the following empirical correlation:
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9N„ - 0.0832 N„ °'32ltNp 0 . 0 8 V . 7 5Nu Ra Pr
^ 5  ^ N pr ^13,800 
2,^70 <iNRa ^ 7 . 0 9  X 106 
0.38 <  n <1 1.0
1.00< nm ^15.2Nu
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CHAPTER I I I
THEORY
A. Free Convection Heat Transfer from a Vertical Flat Plate to Non-Newtonian 
Fluids
A flat plate heated to a temperature Tq is suspended in a large 
body of fluid at temperature T^ (Tq >• T^). In the neighbourhood of the 
heated plate the fluid.rises because of the buoyancy force: g(3jOAT. Let
the height of the heated plate be H, and let the dimension in the y- 
direction be very large so that v^ and are functions of x and z only.
Assume that the velocity component v^ is quite small (i.e. the 
fluid moves almost directly upward). Thus, we eliminate the y-component 
of the equation of motion and obtain:
Continuity
dv dv
+ = o
dy bz
(3-1)
dv dv
Motion e V ^ “H V ^vy 7 7  v z 7 7
= p g ^ A T  +
1
br d ryz
dy . bz
zz t
 J (3-2)
Energy
dT dT
V —  + V —  = G”Cy by z dz
with the boundary conditions 
at y = 0,
at y = 
at z = 0,
V = V 0.
v = v = 0 .  
y z ’
= T
= T,
T^ for all y ;>•0
(3-3)
(3-10
Since the temperature rise appears in the equation of motion and 
the velocity distribution appears in the equation of energy, the equations
10
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are coupled. Analytic solutions of coupled, nonlinear differential equations 
are very difficult so we employ the application of the principle of 
similarity.
If we further assume that the momentum and energy transport by 
molecular processes in the z-direction is small compared with the corres­
ponding convective terms on the right side of the equation, we obtain:
Continuity
Sv Sv
+ (3-5)
Motion e
Sv civz zv —  h V ---
y dy z dz
pg^AT zy
dy
(3-d)
Energy hi StV "r—  + v —  
y ay z oz = tX
S2t
Sy2
(3-7)
We must now express in terms of the velocity gradients by 
means of some empirical equation of state. A generally acceptable defi­
nite relationship between the components of the stress tensor and those 
of the deformation tensor has not yet been proposed,
Generally, the form of the function relating to Svz/Sy is 
quite complicated.
However, in many cases the power laiw model
T  = K 
yz
'Sv
dy
n
(3-8)
is adequate for many non-Newtonian fluids. Thus, we obtain:
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Continuity
civ dv
y
dy d z
y + - l  = 0 (3-9)
Energy
dT dT
+ V <r—
z d z
= cK d2T (3-10)
Momentum
dv dvz z
V -----1- V ---
y dy z dz
gp A T  + K a j Svz 
5y la y " (3-11)
The heat flow at the wall can be described in terms of a heat 
transfer coefficient h and the temperature difference (AT),:AT = TQ - T ^
d A  Th A T  = -k
dx
(3-12)
For the dimensional analysis approach it is convenient to 
introduce the following dimensionless variables:
v
v
2-n
v
n 
. n-2
2-n
n
.n-2
(3-13)
(3-1^)
2
L
+ z 
Z = L
T - T
T - T o
Thus the dimensionless continuity equation becomes:
dv + dv +
dy+ Bz+
(3-15)
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The dimensionless energy equation becomes:
or
where
+ + ST+/   + v ---
y ay+ z Sz+ cpg -j- n-2 
k
aV"
CP
k
K
L€j
^ y +2_,
a2T+
.+2
n-2
f BT+ + dT+ 1 S2T+ v ----+ v
y * „+  2 *„+
2^n
dy"" * dz" Pr ay+‘
_1;
CnP f W
N„Pr
S£
k
n-2
The dimensionless equation of motion becomes:
n+2
Sv +z + dv +" z se> (T0 - T j  L2" 1 t+ a av +'z
dy+ y  _ 2r -» 2-n " + 8y+ y  _
n
or
+
"av ^z + ’ av +"z XT ^ K1V
y
y .
+ V
z y .r v b y " .
• n
where N
«P.(T0 - T j  *
n+2
2-n
Gr 2
2-n
The dimensionless heat flow equation becomes:
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(3- 16) 
(3-17)
(3-18)
(3-19)
(3-20)
14
h(T0 - T j T  - (To - TJ
h r
an
w
or N*t T Nu
,+ St"
i_Sn j  w
(3-21)
where Nu
h L 
k (3-22)
The new boundary conditions for the above equations are:
11 0 11
-t->** V + a 0z T+ a 1
n 1
+
v =
y
V + a 0 z
011
+H
+
Z a 0 T+ a 0 for all y
(3-23)
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CHAPTER IV
APPARATUS AND PROCEDURE
A. Apparatus
1. Heat Transfer
The heat transfer set up is essentially the same as that employed 
earlier by Saunders (29). The theoretical model which the heat transfer 
apparatus must closely approximate is that of a flat plate at a uniform 
temperature in a bath of infinite (theoretical) extent.
A symmetric drawing of the heat transfer equipment is shown in 
Figure I3; schematic drawings appear in Figures 1^ to 17; and equipment 
specifications are presented in Table 27.
Two different size copper plates each 3/16 of an inch in thick­
ness were used to form the surface of the heat transfer apparatus. Rectan­
gular dimensions of the face of each plate contacting the fluid were 
3-7/8” x 7-7/8" and 5-7/8" x Tl-7/8" while the overall rectangular dimen­
sions of the plates were V  x 8" and 6" x 12" respectively. Two copper 
constantan thermocouples were embedded in horizontal groves cut in the 
surface of the smaller plate and three in the surface of the larger plate. 
These thermocouples are positioned as shown in Figure 16. Thin copper 
strips were soldered into position after the thermocouples were located 
and the surface was then polished to a smooth finish.
The electrical heating elements were formed by weaving 0.005 
inch diameter Chromel A resistance wire through grooves cut in two opposite 
ends of a l/l6 inch thickness of phenolite. The wires were wound so that 
they would lie parallel to the longer side. A sheet of mica of identical
15
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rectangular measurements and with similar grooves in the ends was placed 
on top of the wire windings so that the wires were sandwiched between the 
mica and phenolite layers,. In similar manner another resistance winding 
was formed on the top surface of the mica. Both windings were attached 
to a common set of leads so that they formed a parallel circuit.
In the case of the large plate, a slight modification had to be 
employed. The initial winding formed on the phenolite surface was the 
same as before but the auxiliary winding formed on the mica surface had 
to be altered. The auxiliary winding was now formed so that the wires 
were perpendicular to the wires forming the primary winding. The auxi­
liary winding ran from the bottoms of the plate to a position approxima­
tely equal to the mid-point of the plate. Both windings were connected 
to separate leads so that the input to each could be controlled separately.
When the plate was to be employed in the vertical position with 
L = 12, initial runs had to be made to determine the input to each winding 
required to maintain the plate at an isothermal temperature. An isothermal 
condition was assumed when, the three thermocouples embedded in the copper 
surface were in close agreement, the difference being less than 0.1°F.
When the plate was to be employed in either of the horizontal 
positions or in a vertical position with L = 6 inches, only the main winding 
was employed as a heating source.
The formed element was positioned in the plexiglass frame, as 
shown in Figure 15, lying between a 1/8 inch thickness of bakelite and a 
l/l6 inch thickness of phenolite. The bakelite sheet, resting on five 
plexiglass squares, served to minimize the heat loss through the back of 
the heater while providing a rigid platform on which to support the heating 
element. The phenolite sheet provided a good electrical insulation layer
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between the element and the copper plate while serving to diffuse the heat 
transferred to the plate thus preventing any localized 'hot-spots*. The 
phenolite rested on an "0"-Ring located as shown in Figure li+_, and when 
tightened down under the pressure of the nylon screws formed a water tight 
seal.
Electrical leads were brought out through holes drilled into 
cast plexiglass rods which were fused to the body of the plexiglass frame. 
An eight inch length of rubber tubing was slipped over the electrical lead 
and one end then fitted over the plexiglass rod. A tight seal was effected 
at the rod end due to the elasticity of the tubing while the other end of 
the tubing was made leak-proof by tying it securely to the electrical leads.
The copper plate was held in position by a bakelite frame which 
in turn was secured directly to the plexiglass by nylon machine screws.
The fluid container was constructed of stainless steel (Type 3^ )  
and has the following dimensions: k feet high, 2 feet wide and 3 feet long.
Three plate glass windows (2' x 1') were installed in the sides of the 
tank, two of them being directly opposite one another. The tank rested on 
a leveling table.
2. Physical Properties
a. Rheological Properties
For natural convection heat transfer the shearing rates are of 
the order of magnitude of 0.1 - 1.0 sec  ^ (l) and the viscometer employed 
had to be capable of accurate measurements of the rheological properties 
in this range. For this reason, a coaxial cylinder viscometer was used, 
manufactured by the Brookfield Engineering Laboratories. The L.V.T. 
model employed had eight speed ranges which permitted a ratio of maximum
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to minimum shear rates of 200:lj also, by use of the U.L. adapter and very, 
low speeds, an accurate determination of the rheological properties in the 
shear range of 0.5 sec-  ^was made possible. The model of viscometer was 
guaranteed to be accurate to within 1$ of the full scale value, and to 
have a reproducibility of 0 .2^,
The U.L. adapter furnished with the model consisted of a 
precision cylindrical spindle rotating inside an accurately machined tube 
which held a sample of 25 ml in volume. The adapter was employed for all 
test fluids.
b. Thermal Conductivities
Since the test fluids tended to solvate in the liquid, the 
thermal conductivities were evaluated experimentally. The thermal con­
ductivity apparatus was of the cylindrical type which has been success­
fully used by Riedel (27) and St. Pierre (5^).
The apparatus consisted of two concentric cylinders as diagram­
med in Figures 18 and 19. An electrical heater located within the inner 
cylinder provided an accurately measured constant rate of heat which pene­
trated through the liquid lying within the annular gap and out into the 
outer cooling cylinder or block. Heat was conducted away from the outer 
block by twelve evenly spaced copper wires of which one end was located 
in an ice - water mixture.. Since the rate of heat conduction from the 
outer cylinder exceeded that being produced within the inner cylinder, a 
compensating heating element was wound over the cooling cylinder under-
\
neath the point where the copper wires were connected. By careful regu­
lation of the compensating heater, the temperature of the outer cylinder 
was maintained constant.
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Temperatures o£ the respective blocks were determined by means 
of copper-constantan thermocouples embedded in their surfaces and the 
heating elements were constructed from J>0-gauge copel heating wires.
Thus, by determination of the temperature difference between the heating 
and cooling cylinders and the rates of heat input at steady state con­
ditions, the information required for the determination of thermal con­
ductivities was known.
c. Densities and Coefficients of Thermal Expansion
The densities of all test fluids were determined by use< of a 
pycnometer and a constant temperature bath.
B. Experimental Procedure
1. Heat Transfer
The plates were suspended in the tank by using a plexiglass 
stand designed such that it would not interfere with the velocity gra­
dients set up within. The same stand was used to hold the heaters in 
either of the horizontal positions or in the vertical position.
In each run the fluid was first thoroughly stirred with a 
Lightning mixer. The heat was then turned on and the thermocouple readings 
taken over a period of time during which readings of the temperature of 
the fluid at several positions were also taken with a movable thermocouple 
probe. It was found that the plate temperature reached a nearly constant 
value in about 15 to 25 minutes depending upon the viscosity of the fluid; 
the more viscous solutions requiring the longer time interval.
The heat flux through the copper plate was taken as the total 
heat input value indicated by a watt-meter minus the loss indicated by the
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differential thermocouples embedding in the plexiglass frame (See Chap. V. 
Heat Loss Corrections). All physical properties were calculated at the 
arithmetic average of the plate and fluid temperatures.
At the beginning of each day water was added to the polymer 
solution in order to maintain a fixed liquid level thus offsetting evapo­
ration losses. Viscosity tests were performed twice daily with fluc­
tuations of the order of Vjo being observed.
2. Physical Properties
a. Rheological Properties
All rheological properties of the test fluids were determined 
twice daily and the arithmetic average used in all calculations. Fluc­
tuations of the order of 1 <f0 were observed.
A 25 ml sample of fluid was carefully pipetted into the outer 
cylinder of the U.L. adapter which, after attachment to the rest of the 
viscometer, was immersed in a constant temperature bath. The bath 
temperature was regulated to one-tenth of a degree by use of a calibra­
ted thermometer and thermostat accurate to - 0.05°C when properly pre­
set. The test fluid temperature was allowed to come to steady-state 
conditions and then the shearing rate and shearing stress values were 
recorded until two consecutive readings gave results within the repro­
ducibility of the viscometer. The bath temperature was then reset and
the above process repeated to obtain the required data over the desired
temperature range. The non-Newtonian flow curves were calculated using 
the method of Krieger and Maron (18).
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b. Thermal Conductivities
A sample of the test fluid was flushed through the test chamber 
and then the chamber was filled and the level adjusted on the burets for 
both the inlet and outlet ports. The ice bath was filled and the ends 
of the cooling coils immersed. The inner cylinder was heated to a pre­
set level and when steady-state was approaching; the guard heaters on the 
outer cylinder were carefully set to insure that constant temperature 
remained in both the inner and outer cylinders. After steady-state was 
maintained, the temperature difference across the fluid gap was recorded 
by use of a precision potentiometer and the power supplied to both the 
inner cylinder and compensating heater were recorded. From these data, 
the thermal conductivities could easily be determined.
c. Densities and Coefficients of Thermal Expansion
In order to determine the variation of density of the test 
fluids with temperature, a pycnometer was used. The pycnometer was first 
calibrated, using distilled water to calculate the volume, and then samples 
were introduced at a temperature lower than that at which the determination 
was made. The pycnometer was then suspended in the constant temperature 
bath until the temperature of .'the solution reached steady-state as deter­
mined by the absence of formation of any additional fluid on the pycnometer 
capillary stem. Then, by weighing the pycnometer plus solution -and knowing 
the actual weight and volume of the pycnometer, the densities could be very 
easily calculated. The experimental densities were very slightly higher 
than that of water and from a plot of specific volume vs temperature, the 
variation of volume with temperature was determined graphically. Knowing
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the value'the coefficient of thermal expansion was calculated. The 
expansion coefficient agreed very closely with that for water, and in all 
calculations, the expansion coefficient of water was used (Figure U).
d. Heat Capacities
All the heat capacities of the test solutions were assumed 
equal to that of water on the basis of the work performed by St. Pierre 
(3*0 and Vaughn (38) on similar solutions.
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CHAPTER V
CALIBRATIONS
A. Heat Transfer Equipment
1. Thermocouples
The copper-constantan thermocouples used to measure the surface 
temperature of the heated copper plates were calibrated in position by 
placing the plates into a constant temperature water bath. A precision 
grade 0-100°C thermometer with 0.1°C calibrations was taken as the pri­
mary standard. All the thermocouples were found to have substantially 
the same characteristics. The calibration was checked from time to time, 
but was found to be unchanged.
2. Heat Loss Correction
In order to allow for the heat loss through the plastic, three 
pairs of differential thermocouples were embedded in the plastic of each 
plate, the two junctions of each pair being at different depths along a 
line drawn normal to the surface. The leads were brought out along holes 
drilled parallel to the surface of the plastic, so that they should lie 
as nearly as possible along isothermals. The three pairs of junctions 
were at positions along the right-bisector of the shorter side, one at 
the mid-point and the other two being 2.25 inches from either end. The 
calibration procedure differed slightly depending upon whether the plates 
were in the horizontal or the vertical position,
a. Vertical Position
The couples were calibrated in position by placing a second 
plate, identical to the first, so the copper faces were in contact.
23
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C-clamps were used to secure the plates in this position. Equal inputs 
were supplied to each plate and assuming half the total input to pass 
through the plastic attached to each plate, three curves were plotted 
for each plate relating the heat flow through the plastic to the dif­
ferential reading of each of the three pairs of thermo-junctions. Hence 
three separate values of the heat loss through the plastic, which ought 
to agree, were given from the calibration curves. Actually they were 
found to differ slightly, but as they were always less than 5 Per cent 
of the total input it was thought justified to take a mean value. 
Independent calibrations were made for each plate height and for all 
test fluids. Special precautions were required to maintain isothermal 
conditions for the plate having L =* O .969 feet because of its dual heating 
element. It was found that the input ratio required during calibration 
was not the same as that required during experimental runs.
b. Horizontal Position
In the horizontal position essentially the same calibration 
procedure was followed with one exception being that equal inputs were 
no longer supplied to each plate. A ratio of inputs had to be found such 
that an isothermal interface was obtained. Because a temperature differ­
ence could not be detected between the copper plates when they were in 
close contact, a 1/8 inch thickness of bakglite was placed between them. 
The rectangular dimensions of the bakelite being identical to the overall 
dimensions of the heater surface, copper plates plus plastic insulation.
The input to each plate was then varied until the temperatures 
indicated by the thermocouples embedded in them were in exact agreement. 
The input to each plate was then assumed to pass through the plastic
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attached to it enabling calibration curves to be drawn as in the case of 
vertical plates.
3. Proof of Heat Transfer Measurements
Water was used as the test fluid to assess the reliability and 
accuracy of heat transfer measurements. The heat transfer results are 
shown in Figures 5 an^ 8, and are seen to be in good agreement with the 
standard heat transfer correlation by Saunders (29).
Apparatus Used for the Determination of Physical Properties
1. Rotational Viscometer
Two National Bureau of Standards oils were used to calibrate the
viscometer in order to determine the equivalent bob length and to correct
for end effects. Sample calculations of the equivalent length and tabu­
lated data are listed in Appendix I, The equivalent length was found to 
be 3.62 inches as compared to an actual length of 3*57 inches.
2. Thermal Conductivity Apparatus
Redistilled water and a 20$ aqueous ethylene glycol solution 
were used for the calibration of the thermal conductivity apparatus.
The apparatus constants and tabulated calibration data are listed in 
Appendix I.
3. Pycnometer
The volume of the pycnometer was determined using redistilled 
water. The volume was calculated by weighing the vessel filled with 
water at fixed temperatures maintained to ± 0.05°C and using the cor­
responding density obtained from Table VIII. The calibration data is 
listed in Appendix I. I C598 I
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c h a p t e r VI
TEST FLUIDS
The non-Newtonian fluids employed in this study were selected 
with the following aims in mind:
i) that they exhibit a wide range of non-Newtonian behaviour 
in the low shearing-rate range characteristic of natural convection.
ii) that their rheological properties be time-independent and 
free'from any viscoelastic effects.
iii) that the presence of a free liquid surface in continual 
contact with air cause no appreciable changes in the physical properties 
of the fluid over the period required for the completion of each run.
Water, the calibrating fluid, was selected primarily because 
previous experimental data for water determined on similar equipment was 
available along with extensive data on its physical properties.
A. Solution Preparation 
Newtonian Fluids
Water was the only Newtonian fluid employed in this study and 
it underwent no actual preparation. The water used was drawn directly from 
the supply line.
Non-Newtonian Fluids
All non-Newtonian fluids were prepared by following the procedure 
outlined in the Dow "Methocel" Handbook (5). Essentially this method in­
volved the process of vetting the material at elevated temperatues (80-90°C)
26
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while stirring rapidly and then cooling the solution to a much lower 
temperature (lO-15°C) stirring continually until complete dissolution 
occurs.
B. Test Fluid Properties 
Newtonian Fluids
The physical properties of water used in the calculations of 
the dimensionless groups for this study are listed in Appendix II. 
Non-Newtonian Fluids
Two different weight per cent aqueous solutions of Carbopol 93^ - 
were used. Carbopol, a trade name of the B.F. Goodrich Company, is a 
carboxy-polymethylene whose exact structure has not yet been revealed.
The solutions were used in their unneutralized form, having a pH of 
approximately three, since the neutralization step would have increased 
the viscosities to such an extent as to damp out natural convection almost 
completely.
An examination of the flow curves revealed that the solutions.
- conformed to the power law model over the range of shear rates studied 
and that the flow behaviour index ranged from 0.68 to 0.90. All other 
physical properties which were experimentally determined have been listed 
in Appendix II.
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CHAPTER VII 
RESULTS AND DISCUSSION
A. Physical Properties
1. Rheological Properties
All flow curve data for the non-Newtonian test fluids have been 
listed in Appendix II. The experimental equipment and procedure is 
detailed in Chapter IV, and the method of calibration in Chapter V.
Figure 1 and 2 were drawn to illustrate the variation of "flow 
behavior index", n, and "consistency index", k, with temperature and con­
centration. The flow behavior index was found to decrease with increasing 
temperature while the consistency index was found to increase with 
increasing temperature for the 1$ solution. The strange phenomenon of 
having the consistency index ("viscosity") increase with increasing 
temperature was also observed by St. Pierre (3*0 •
2. Thermal Conductivities
ATI the experimentally determined thermal conductivities have 
been listed in Appendix II, and Figure 3 gives the results in graphical 
form as a function of temperature. The experimental equipment and pro­
cedure has been detailed in Chapter IV and the method of calibration in 
Chapter V. The data obtained was in good agreement with that obtained 
by St. Pierre (3*+) and in fair agreement with that obtained by Vaughn (38).
For all solutions the thermal conductivity increased with 
increasing temperature and decreased as the percentage of dissolved solids 
increased.
28
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J, Densities and Coefficients of Thermal Expansion
The densities of all test solutions have been listed in Appendix 
II, the experimental apparatus and procedure described in Chapter IV, and 
the method of calibration explained in Chapter V. The densities of the 
aqueous polymer solutions were very slightly higher than that of water 
and were found to increase as the percentage of dissolved solids was 
increas’ed.
The calculated thermal expansion coefficients, p, are plotted 
in Figure 5 as a function of temperature. They were very close to those 
for water with the average percentage difference from water being 1 3$,
For this reason the thermal expansion coefficients of water were used 
in all calculations of the dimensionless groups.
B. Heat Transfer Results
All dimensionless groups were evaluated using physical properties at the 
arithmetic mean of the plate and fluid temperatures.
All the heat transfer results and corresponding values of the
dimensionless groups are listed in Appendix III. The dimensionless
groups employed in the correlation are
= VNu k (7-1)
N.Pr (7-2)
n+2
N,
_ , 2-n
g g A  T L
(7-3)Gr 2
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1. Heat Transfer From Vertical Plates
Free convective heat transfer from an isothermal vertical flat 
plate to Newtonian fluids is described by the well-established expression
nn» = c < V p.>‘
Employing water as a test fluid and four different plate heights,
O.323, 0.k90, O.656, and O .989 feet, these constants were evaluated and
&
found to be, c = 0.5^, and jf = l/k, yielding the equation
]A
NNU = ° A  (NGrNpr) (7-5)
107 <  NQrNpr 4  2 X 109 .
30 n n u  <  125
This is in good agreement with the work of Saunders (29), although the 
constant c is slightly lower than that predicted in some theoretical 
papers. Heat transfer results are represented in Figure 5-
For the non-Newtonian fluids the generalized heat transfer 
expression recommended by Acrivos (l) was tried and found to lead to a 
successful correlation.
1
N = c (Nr n£ )2n+1 (7-6)Nu . Gr Pr' \ 1 /
A plot of log N vs log N„ N^ was prepared for both non-Newtonian Nu Gr Pr
solutions, Figures 6 and 7. A least squares method was employed in 
determining the values of the slope and intercept. Because the variation 
of the flow behavior index was quite small for each fluid a straight line 
was obtained on each of the log-log plots such that the measured value of 
the slope was approximately equal to V(3naye + where naye represents
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the arithmetic average of the flow behaviour index of all the data points.
For the 0.5$ Carbopol solution, n = 0.891:' ’ ave ^
hNu = 0-® (»GrNpr ) 0 ' 275 (7-7)
0.877 < n < 0.896
102 <£ Npr ^  lb-5
1.0k X lcA NGr <  5.3^ X 10^
2 .kk <  nw Ib9Nu
For the 1$ Carbopol solution, nave = 0.720:
nNu - O .585 (NGrNpr)0-325 (7-8)
0.682 <  n <  0 .7^7
9.16 X 102 <  Npr <  2.00 X 105
. 2  k
2.96 X 10 <  N_ <  2.57 X 10
vjT
18.2 <  NNu <  96.0
Thus it is seen from the result of both correlations that 
generalized form of the equation proposed by Acrivos (l) is valid. The 
experimental values of the constant, c, determined are approximately 
5-10$ lower than those predicted by Acrivos (1). The experimental value
of the exponent l/(3n+l) is seen to be almost exactly equal to the value
given by 1/(3 nave + l).
2. Heat Transfer From Horizontal Plates
In the study of heat transfer from horizontal plates two 
different size plates were employed each being of rectangular rather than 
square dimensions. Because of this point a characteristic length had to
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be decided upon. Several possibilities were investigated however, the 
characteristic length which was employed is defined as
i • (/l T v -V;
= characteristic length 
= dimension of one side of the plate
= dimension of the other side of the plate
Although it is quite Conceivable that this choice may fail in the limit
as L^/Lg  y o& it has proven to be satisfactory for the present l^/L^
ratios which are approximately 2/1. Thus this choice of a characteristic 
length was employed in all calculations relating to heat loss from 
horizontal plates.
a. Heated Face Up
The heat transfer results for the case of an isothermal hori­
zontal flat plate in water, heated face up, are shown in Figure 8. This
plot of log Nw vs log N_ N shows that the data is in good agreement Nu (jX pit
with that obtained by Fishenden and Saunders (7)* These results are 
represented by the relationship
%
NNu = (NGrNPr>
3 .1+ X 107 <  NGrNpr <  9-7 X 109
> 5 . U  < 1 2 9
All the experimental data lies within the turbulent flow range which 
Fishendon and Saunders (7) observed to start in the neighbourhood of
W  * 2 x lo7-
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There are no theoretical equations existing which allow the pre­
diction of a method of correlating heat transfer data for the case of an
isothermal horizontal flat plate immersed in a non-Newtonian fluid. Since
for the case of Newtonian fluids one general equation
N„ = c (N N )a (7-I4-)Nu ' Gr Pr' v1 /
is seen to describe heat transfer from horizontal as well as vertical 
plates it was decided to test the possibility of the equation proposed 
by Acrivos (l) for vertical plates also describing heat transfer from 
horizontal plates, i.e.
1
Nxt = c (N_ N* )5n+1 (7-6)Nu K Gr Pr/ ' 1 '
This was found to be a successful correlation for the 1 fo Carbopol solution,
Figure 10, where the slope was found to be approximately equal to
1/(3 n + 1).
' ave '
1^ Carbopol solution, = 0.7^7
HSu -  0.628 (NGrN“ r ) ° - 31 (T -10)
0.686 n <  0.7^9
1.06 X 105 <  N_ c  1.83 X lo5Pr —•
■=5 b
1.92 X 1CK <  N. ^  1.33 X 10
30-9 <  nNu ^  7^.8
For the 0.5$ Carbopol solution the transition of laminar to turbulent 
flow is observed, Figure 9 . This transition is observed when NGrNpr =
2 X 10? as was observed by Fishenden and Saunders (7)- Equation (7-6) 
was again employed successfully to correlate the heat transfer data over
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the laminar flow range yielding for h’ e = 0.891
N.T = o.6o4 (n_ nJ )0,2T (7-11)Nu ' Gr Pr' u  '
6 7
2.2 X 10 -C Nn N 2.0 X 10'Gr Pr
0.896 <  n C  0.879
28.5 <  nNu <  52.0
In the turbulent flow range a straight line was also obtained 
when plotting log N^u vs log N£rNpr however a sharp increase of the slope 
of the line was observed.
It was then decided to try a correlation of the type
N T a c (KL n £ )b (7-12)Nu v Gr Pr' v 1 '
To satisfy the generalized heat transfer equation,„b had to be some function 
of n and when n = 1 we must have b = 1/3 so that existing equations for 
Newtonian fluids would be satisfied. It was found that b = l/2n + 1 leads 
to a successful correlation.
1
N = c (N_ n “ )2n+1 (7-15)Nu v Gr Pr '1
or specifically
V  “ °-17 ( V p r )0'35 t7-11*)
2 X 10^ NGr>£r 0
00
0.888 n <£ 0.898
75 < NxtNu
I30
n ave ~ 0.893
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The measured slope was found to be approximately equal to l/2 nave + 1.
b. Heated Face Down
The experimental results for heat transfer from a horizontal 
plate heated face down are shown in Figures 8, 11, 12.
For heat transfer to water, Figure 8; the results are in good 
agreement with those of Fishenden and Saunders (7) being represented as
NNu - °'25 (*GrNPr>
1.5 X 108 <  NGrNpr <  7.h X 108 
27.5 nNu ^  37.2
For the non-Newtonian fluids it was found that the data could 
be successfully correlated by the Acrivos equation, equation (7-6)..
For the 0.5$ Carbopol solution, 'n = O .887
n n0.26
nKu - 0 .37k (sc A r )
O.876 <£ n O.896
89.8 < N pr ^  I36
8.82 X I O ^  ^  NQr <  3.5^ X 106
20.9 nNu <  55.3
and for the 1$ Carbopol solution, n ave = O.7O3
ML = 0.227 (N_ )°°5Nu 1 s Gr Pr'
0.652 <  n ^  0 .77h
1.01 X 105 Npr «£ 2.1*8 X 105
2.05 X 105 N„ I.56 X 10^
Ilf.8 <. nNu 33.5
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In each of the cases the measured slope of the line obtained 
from Figures 11 and 12 was found to be approximately equal to ^/3n ave + -0* 
The experimental findings are summarized in tabular form and for 
the case of the vertical plates compared to existing theory.
TABLE 1
Heat Transfer from Isothermal Vertical Flat Plates
n N_ ijCabc-ul-at.cjd. Experimental
Fluid Pr • ' ' 1 _ 1
Average Range c + Intercept, c Slope,
Water 1 5.8-7.76 0.59 0.25 0.51+ 0.25
0.5$ Carbopol 0.891 102-11-5 0.662 0.282 0.65 0.275
1$ Carbopol 0.720 916-2000 0 .61+8 0.321 0.583 0.325
'
TABLE 2.
Heat Transfer from Isothermal Horizontal Flat Plates
Heated Face Down
, ,, n N Calculated Experimental
Fluid Pr 1 1
average Range c — --■■■£ Intercept, c Slope, —^-+ ^
Water 1 5.81-6.1+9 0-27 0.25 0.25 0.25
0.5$ Carbopol 0.887 89.8-.156 - 0 .27!+ 0 .37!+ 0.26
1$ Carbopol O.7O3 1000-21+80 - 0.322 0.227 O.33
UNIVERSITY OF WINSS0R LIBRARY
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TABLE 3
Heat Transfer from Isothermal Horizontal Flat Plates
Heated Face Up
n N Calculated Experimental
Fluid 1
average Range c slope Intercept, c Slope, ■— —-- ^
Water 1 5.52-6.82 0.5^ 0.25 0.54 0.25
0.5# Carbopol O.89I II3-I37 - O .27 0.604 O .27
1# Carbopol O.7I7 IO6O-I83O - 0 .3I 0.628 0 .3I
Laminar Flow Range L  nJ* 2 X 10^Gr Pr
Water 1 - 0.14 1/3
0.5# Carbopol 0.893 128-157 - O .37 0.I7 0 .36
Turbulent Flow Range N„ >  2 X 10^Gr Pr
It is therefore seen that a generalized form of the natural 
convective heat transfer equation
N = c (N NU )3n+1 
Nu  ^ Gr Pr'
is applicable to both horizontal and vertical isothermal flat plates for 
laminar flow conditions. This equation is applicable to both Newtonian 
and non-Newtonian fluids.
For the case of turbulent flow conditions above a horizontal 
plate with the heated surface up the form of the heat transfer equation 
employed was .
N = c (N Nn )2n+1 
Nu  ^ Gr Pr;
and is valid for both Newtonian and non-Newtonian fluids.
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Figure 12b relates c as a function of n for the non-Newtonian 
fluids investigated in this study. The data for a vertical flat plate is 
compared against the theoretical results proposed by Acrivos (l) and is 
found to show a greater dependency of c on n than was predicted in theory 
No other experimental or theoretical results were available for comparative 
purposes for horizontal flat plates other than those for Newtonian fluids.
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A emperical constant for thermal conductivity apparatus
B emperical constant for thermal conductivity apparatus
Cp specific heat at constant pressure, Btu/lb-^ - °F
du , -1
t — shear rate, secdy 3
du -1
-r- shear rate, sec
dr 3
^  _ shear rate at wall of bob for rotational viscometer, sec"1
voltage, volts
2
F^ shearing stress at inside cylinder, M/(2^ r^ Leq), lbf/sq ft
2
gravitational force per unit mass, lbf/lb^ ft/sec 
torque for full scale readings on rotational viscometer 
if.969 X 10“5 ft-lb
G buoyancy force per unit volume, lb^ /ft''*
h heat transfer coefficient, Btu/hr ft^ °F
I current, amps
k thermal conductivity, Btu/hr ft °F
instrumental constants for rotational viscometer, dimensionless 
kg instrumental constants for rotational viscometer, dimensionless
K fluid consistency index, as defined by equation (3-8 ),
lbjj/ft (hr)^ n or lb^ (sec)n/ft^
L height of heated plate when in vertical position, ft
1
L length o£ bob, inches
m slope of logarithmic plot of shear rate vs torque, dimensionless
M torque for full scale. (dial reading/full scale reading),
G X (R’/S), ft-lb
n flow behavior index as defined by equation (3-8), dimensionless
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II
n slope of logarithmic plot of torque vs rotational speed, dimension­
less
NGr Grashof number, taken as (g p A  T h )/v for Newtonian fluids, and 
p T14-P I*""* *""11 P— n P
as Q? L |p g (Tg - T^)) )/K for non-Newtonian fluids,
dimensionless
N^u Nusselt number, taken as (h L)/k for both Newtonian and non-
Newtonian fluids, dimensionless
Np Prandtl number, taken as (C p)/k for Newtonian fluids and asrr  ^ p
2(n-l)
C„<a Tr 2-n —
T T ^ f )  ( L ) n"2
2q heat flux, Btu/hr ft
r radius, ft; rQ and r-^ denote the radius of outer cylinder for
rotational viscometer while rg and r^ denote inside cylinder 
(bob) radius for rotational viscometer
R viscometer scale reading/full scale reading, R ’/s, dimensionless
R 1 viscometer scale reading
s radius ratio, rQ/r^, dimensionless
S full scale reading on rotational viscometer, 100
t temperature, °F
t^ film temperature, (tg - °f
ts surface temperature of heated plate, °F
t temperature of fluid
A t  temperature differential, °F
W h e a t in p u t ,  w a tts
2^  thermal diffusivity, k/(C a ) , ft /hr
P
p coefficient of thermal expansion defined by =  ^+ P(T ~ T,/?);
OR'1
(T0 - Ti)/T i
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5 ^
(j, viscosity of a Newtonian fluid, lb /ft sec or lbm/ft hr
apparent viscosity, 7f / (du/dy), lbm/ft sec 
V kinematic viscosity, sq ft/sec
rt 3.1^16
(O fluid density, lb /ft^
‘"jr" shear stress, "h and "T" denote the shear stress at the inner and* > ' 1 0
outer cylinders of the rotational viscometer respectively, 
lbf/ft2
p O | p p"l p
/ apparent fluidity, r^ x q L w)/(f rQ - r^ ), ft /lb^-sec
uJ" angular velocity rotational viscometer, rps
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A. Calibration of Rotational Viscometer
The Brookfield Synchro-Lectric Viscometer was calibrated to 
correct for the end effects by calculating the equivalent length of the 
spindle. National Bureau of Standards Viscometer Calibrating Liquids 
(Oil Type K and M) were used.
For concentric cylinder viscometers
(1)
or the equivalent length is given by
Leq (2)
where
M = k .969 X IQ"5 R ft-lbf
R = viscometer torque scale reading (0 - l)
r^ = inside radius =* O.OJ+I5 ft
rg = outside radius = O.Ok-52 ft
g = 52.17 lbm/lbf ft/sec2
UT = 2rtN' (when N ’rps)
Substituting the above quantities into (2),
L = 1.96 X 10 5 —
eq U.Np
R
eq
a 21.0
h 'n
(5)
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where
Oil K,
Oil K
)
Oil M,
Oil M
N a rpm
T
p = viscosity in poise
t
L = length in inches
TABLE k 
Viscometer Flow Data
.P.M.
Lot No. I7 t
3 
6 
12
t
6 
12 
30
Lot No. 5I t = 25.00°C p = 2.1+^ 7 poise
0.3 12.7 3.62
0.6 ; ■ 25.k 3.62
1.5 63.0 3.59
t. = 100,00°F p a 1.09^ poise
0.6 11.9 3.61-
1.5 28.6 3 ,6k
3-0 . 57.1 ' 3.6U
L (inches) 
eq
p a O.33II poise
3.62
3.61
3.61
R
= 25.00°C
17.2
3^-3
68.6
a 100.00°F
19.3 *
38.4 
95.1
V- “ O.I836 poise
3.65 
3.6L-
3.61
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The equivalent length of the inner cylinder (bob) was found to 
be 3.62 inches. Actual length was 3*575 inches.
B . Calibration of Thermal Conductivity Apparatus
Redistilled water and a 20$ ethylene glycol solution were used 
for calibration and determination of the apparatus constants A and B. The 
following tables summarize the calibration data.
TABLE 5
Thermal Conductivity Calibration Data - Water
El = W AT El/T T
Watts °C Watts/°C °C
0.7292 I.33 O.5I+83 32.05
0.8685 1.60 0.5^28 33.17
0.8891 1.67 0.5323 36.10
0.9581 1.76 . 0.51+71 1+8.03
0.9666 1.77 O.5I+6I 55.32
0.9666 1.78 0.51+30 58.09
TABLE 6
Thermal Conductivity Calibration Data - 20$ Ethylene Glycol
El « W Ztf EI/T T
Watts °C Watts/°C °C
0.7061+ . 1.71 0.1+131 31.11
1.2252 2.75 0.1+1+55 36.33
1.0221+ 2.58 O.3963 38.73
1.021+8 2.1+6 0.1+166 1+5.73
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6o"
TABLE 7
Thermal Conductivity Apparatus Constants
h  - A k M + E
Water 20'jo Ethylene Glycol
T
°G
w /a t
Watts/°C
k
Btu/hr ft °F
w /a t
Watts/°C
k
Btu/hr ft °F A B
20 0.5^75 0.5!*!* 0.1*120 O.3OO 2.795 -0.1*15
1*0 0.51*60 0.360 0.1*120 O.3O8 2.552 -O.575
6o 0.51*50 0.575 0.1*120 0.320 2.1*18 -O.562
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APPENDIX II 
PHYSICAL PROPERTIES OF TEST FLUIDS
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TABLE 8
Physical Properties of Water
t
°F
e
i V £ t 3
1
v .
lb.,/hr ft M '
k
Btu/hr ft 
°F
°P
Btu/lbM °F NPr
a+ X 10"6 
ft"5 oF_1
t
°F
6
°R-1 X 10^
40 62.43 3.7^ ■0.326 1.004.1
- ..
11.5 s
i
50 62.41 3.16 0.334 1.0013 9.49 .53-7 50.0 0.48
60 62.36 2.72 0.341 0.99996 7.98 154 59.0 0.82
70 62.30 2.37 0.347 0.9987 6.81 238 68 1.13
80 62.22 2.08 0.555 0.9982 5.89 330 86 1.69
90 62.12 1.85 0.558 0.9980 5.15 435
100 62.00 1.65 O .363 0.9980 ; ^.55 547 104 2.15
110 i 61.86
I
1.49 O .567 0.9982 | 4.06 670 122 2.60
120 61.71 1.55 0.571 0.9985 j 3.64 | 804
150 61.55 1.24 0.575 0.9989i 3.29 9^9
140 3.00
140 61.38 1.15 0.578
i
0.9994 3.00 j 1100j
150 61.20 1.05 O.38I 1.000 2.74
1
1 1270
1
L58
_______________
3-59
' ..............................................................-
+ s p e 2 c p
a = --------
pk
References:
j
1. Gebhart, B ., Heat Transfer, McGraw-Hill Publishing Co., Appendix, (1961)
2. Lange, Handbook of Chemistry, Handbook Publishers, Inc. (1956)
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TABLE 9
Physical Properties of Carbopol
t q k n Cp p K
°F lb^/ft^ Btu/hr ft °F Flow Index Btu/lb^ °F °R~ X 10 lbM/ft(hr) -n
0.5$ solution by weight: pH = J>.0
6o 62.47 0.322 0.908 1.0 0.87 49.2
70 62.41 O .327 0.900 1.0 1.21 47.8
80 62.32 O .332 0.893 1.0 1.53 ^5.9
90 62.22 0.537 0.886 1.0 1.81 ^3.7
100 62.11 0.343 0.879 1.0 2.05 4i.o
110 61.98 0.348 0.871 1.0 2.30 37.9
120 61.83 ©4353 0.864 1.0 2.54 34.2
1$ solution by weight: pH = 3 -0
60 62.59 O.3O3 O .778 1.0 0.87 398
70 62.54 O.3O7 0.755 1.0 1.2,1 595
80 62.19 0.311 0.731 1.0 1.53 858
90 62.08 0.314 O.7O8 1.0 1.81 1210
100 61.98 O.3I8 0.684 1.0 2.05 1660
110 6l .85 O .322 0.661 1.0 2.30 2260
120 61.68 O .326 0.638 1.0 2.54 3040
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
TABLE 10
Flow Curve Data 
Carbopol Solution - 0.5$ by Weight
N R
1+
»i X 10 -(du/dr)i
R.P.M. $ lbf/£t2 sec”^
t = 7l.0°F n = 0.900 m = 1.11 K = 1.80 X 10~k
50 32.3 ^9-5 38.5
12 ll+A 22.1 15 .If
6 7-5 U .5 7.70
3 lf.1 6.3O 3.85
1.5 2.2 3.38 1.93
t a 77.0°F n = 0.895 m a I.I7
-If
K a 1.70 X 10
30 25.8 39.6 38.8
12 11.8 18.1 15.5
6 6. k 9.8 7.75
3 3.5 ■ 5 A 3.88
1.5 2.0 3.1 1.9k
t = 85.1°F n a 0.888 IQ = 1.17 K = 1.58 X I0~k
30 25. If 39.0 38.7
12 11.3 17.5 15.5
6 6.1 9 .1+0 7-73
3 3 A 5.23 3.87
1.5 1.8 2.82 1.93
t a 91.4°F n = 0.887 m a 1.10 ■ K a 1.1+5 x I0'k
30 23.5 36.1 38.5
12 10.1 15.5 15 A
6 5-6 8.67 7.70
3 2.8 If.29 3-85
1.5 1.5 2.28 1.92
, -if
t = 105.7°F n = 0.873 m a I.I3 K a 1.20 X 10
30 22.2 3L .0 38.6
12 9.6 Ilf.8 15.5
6 5 A 8.37 7-73
3 2.7 If.09 3.86
1.5 1.1+ 2.15 1.93
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TABLE 11
Flow Curve Data
Carbopol Solution - Vja by Weight
N R
k
X 10* . -(du/dr)
S..P.M. lbf/ft2 sec"^
= 68.0°f n = O .76 m = 1.2k K = 6.6 X 10
30 101. 65.8 39.0
12 5^.1 35.2 15.6
6 31-9: 20.8 7-8
3 18. L 12.0 3-9
1.5 9.07 5.9 1.93
0.6 35,53 3.6 O .78
0.3 3.38 2.2 0.39
- T9.6°f n = O .732 m = 1.28 K - 8.1 X 1(
30 120 78.1 39.1
12 62.1 1+0 A 15.7
6 37.2 2k.2 7.83
3 22 A ik.6 3.91
■1.5 13.5 8.8 1.96
0.6 6.76 k.k O .78
0.3 It. 15 2.7 0.39
» 96.1°? n = 0 .69k m = 1.33 k = 10.3 x :
30 I30 8*k 6 39-3
12 70.1 1+5-6 15.7
6 1+3.6 28 A 7.8 6
3 26.3 17.1 3-93
1.5 l6A 10.7 1.97
0.6 8.76 5.7 0.79
0.3 5.53 3.6 0.39
= 110.50F n = 0.650 m = 1 A l K a 12.2 X ;
30 135 87.9 39.6
12 hk.i L8.2 15.8
6 kl.5 30.9 7.92
3 30.0 19.5 3.98
1.5 19.I 12A 1.98
0.6 10 A 6.8 0,79
0.3 6.76 1+A 0A 0
K in lbf(sec)n/ft2
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TABLE 211-
Heat Transfer Data - 0.5$ Carbopol 
Horizontal Plate, Heated Face Up
L  = O .696
Average 
Run Temperature
Op
AT
°F
Total 
Heat Input 
Btu/hr
Net 
Heat Loss 
From Plate 
Btu/hr
Btu/hr-ft2-°F
N.Nu
N.Pr
X 10
-2
N
Gr
X  10 -5
Gr Pr
n
X 10 -7
1 7^-7 7-1 137 117 3^.2 72.2 1.37 2.60 2.lit
2 77-7 10.3 239 205 ltl.1 86.it 1.35 it.16 3 .3b
3 79.5 13.2  ^31a 295 k6.1 96.7 1.33 5.60 k.k-2
It 79.5 16.0 hkk 387 ^9.9 ioit.6 1.33 6.78 5.36
5 81.1 18.1 51f6 k'jk 5*t.l 113.1 1.32 8.00 6.2lt
6 83.0 21.7 679 590 56.2 117.2 1.30 10.1 7.73
7 86.5 27.1 969 831 63.3 131.3 1.28 13.9 10.3
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APPENDIX IV 
SAMPLE CALCULATIONS
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A. Flow Curves of Non-Newtonian Fluids
The method of Kreiger and Maron (18), developed for obtaining 
the flow curves of non-Newtonian fluids from concentric viscometer data,
(I7), for the case in which the outer cylinder or cup rotates and the 
inner cylinder or bob is stationary.
is obtained for the opposite case of having a stationary cup and rotating 
bob as is the case with the Brookfield Synchro-Lectric Viscometer. Thus 
the "single bob" method developed by Kreiger and Maron (18) was used in 
the determination of all flow curves for the non-Newtonian fluids.
Shearing Rate:
was developed from a differential equation obtained by Kreiger and Elrod
St. Pierre (33) has shown that the same differential equation
du
0s 1 + kl d log F]_ + k2 d log F]_
d log 0
d log F1
or
du
dr i
2W 1 + k^m-l) + k2(m-l)2 + k£
where
m =* —  . m—
d log Fj^ d log Fx
M
apparent fluidity
2 2 
bit r^ r2 L -fcT
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For fluids which obey the power law model, m is a constant thus
where
du
dr-tL
r
L dr-
60(1 - 1/s ) L  1 ^
= sec-1
N rotational speed of bob, R.P.M. 
xq/ t ± = 1
s2 - 1 
2s2 
s2 - 1
(1 + 2/3 In s) = 0.0872
I n s  = 0.002*4-6
= 1 .27U- N -j 1 + 0 .0872(m-1) + 0.002*l6(m-l)‘
Method:
1. Plot log N vs log and evaluate slope (m = slope).
2. From the corresponding N, determine (-du/dr)^.
3. Plot log F^ vs log (-du/dr)^ to evaluate n and K.
Shearing Stress:
The shearing stress at the wall of the cylinder is given by
' K  -
force
area
M ,
2 it r2 L
M I 1
r . 2 « r, L
y 1
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where
= O.O^lj ft
M a h .969 X 10-5 R ft_lb
^.969 X 10~5r 
1 2rt (0 .0413)2 (3.62/12)
F
F a 1.536 X 10"2R lbf/ft2
L = 3.62 inches
B . Dlmensionless Groups for Non-Newtonian Fluids
The generalized dimensionless groups for natural convective 
heat transfer are the following
"h T
Nusselt Number Nw = —Nu k
Prandtl Number Npr = I 2 n
U n+2 
2-n
Grashof Ntimber N, ----- — ---------Gr _2_
■£-2-n
For the vertical plate in the Vjo carbopol solution, Run No. 1; 
we have h » I7.6 Btu/hr-ft2-°F, A t  = 8.2°F, Taye = 79.9°F. At 79-9°F, 
n - 0.732, K = &$k lbM/ft-hr2"®, p » 1.55 X I0~k °R_1; 0 » 62.32 lbM/ft2,
= 1.0 Btu/lbM-°F, k = 0.311 Btu/hr-ft-°F.
P
For the Nusselt number
„ . IlL = = 56.0
Nu k O.3H
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For the Prandtl number
1 2(n-l)C o T/-.2-n  —
H . P - . B  L n"
Pr k o;
W  :^ ° ' 785 :o - ^
= 200. k X 7.89 X 0 .99U-
-  1,580
For the Grashof number
n+2
v - g ^ 1 ^
Gr ” JL
-2-n
It. 169 X 108 X 1.53 X I 0 ' k X 8 .2 ?!
(15.7) 1 -579
5.23 X 10  ^X 0.98
£2725
= ,:; 8 .23: X 10?
0A 23
(0.989)2,1^
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APPENDIX V
EXPERIMENTAL EQUIPMENT AND SPECIFICATIONS
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SYMMETRIC DRAWING 
HEAT TRANSFER APPARATUS
Symbol Description
A Plexiglass frame; see detail Figure 15.
B l/8" thickness of bakelite
C Formed heating element
D "O'1-Ring Seal
E l/l6" thickness of phenolite
F Copper plate, see detail Figure 16
G Bakelite frame
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HEAT TRANSFER APPARATUS DETAIL
Symbol Description
A Nylon screw
B Copper plate
C Phenolite sheet
D Formed element
E ' Bakelite sheet
F Phenolite sheet
G Thermocouple
H Differential thermocouple
I ”0"-Ring Seal
J Electrical wire outlet
4
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HEAT TRANSFER APPARATUS
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Main Switch: Double fuse, H 5/23O A.C. volts, Min. Amps. 30.
Time Switch: General Electric, Type TSA-ij-7, Single-Pole, Double Throw. 
Contact Rating: 2k0 volts A.C., 35 Amps
A.C. Voltage Regulator: Perkin Electronics Corp., Model MTLR 1000-1 K.A.V.
A.C. Input: 95-135 v , &0 ops t 10$, 1 phase,
A.C. Output: 110-120 v,
Accuracy: t 0.2$ for line changes from 105-125 v,
Response Time: 0.05-0.1 seconds for line or load changes,
Load Range: 0-8.5 Amps.
Variac Autotransformer: General Radio Company.
Type: W20-G2M,
Input: 115 volts, 50-60 cps,
■ Output: 0-135 volts, 20 amps, 3 K.A.V. Max.
Voltmeter; Daystrom Inc., Weston Instruments Division.
Model: 90!+, No. I5H 3,
Voltage Range: 75/150 volts,
Accuracy: 0.5$ of full scale value.
Wattmeters: Daystrom Inc., Weston Instruments Division.
Model: 905;
Rated Accuracy: 0.5$ of full scale value,
Temperature Influence: 0.25$ of full scale value, 59°F to 95°F;
Voltage: 50/100/200: 250/5OO,
Amperage: 1/2/3:5/10.
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Continuous Temperature Recorder: Daystrom-Weston Inds. Dev.
Model: 6702, Type 1, Serial 2037H,
Range: 30-l60°F; Type T.
Precision Millivolt Potentiometer: Leeds and Northrup
Model: 8686,
Range: -10.1 mv to + 100.1 mv,
Limits of Error: t 0.05$ + 6 [i v.
Thermocouple Rotary Selector Switch: Wheelco Instruments.
Model: 810, 12 T.C. Connections.
Thermocouples: Minneapolis Honeywell.
Type: Copper-Constantan (t ),
Wire Size: 2k B and S,
Max. Overall Diameter: O.O39" X O.O78".
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FIG .18 DETAILS OF T H E R M A L  C O N D U C T I V I T Y  
APPARATUS
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FIG-19 SCHEMATIC OF EXPERIMENTAL  
THERMAL CONDUCTIVITY SETUP
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THERMAL CONDUCTIVITY APPARATUS DETAIL
Symbol Description
L Compensating Heating Elements
M Electrical Heating Source
N Annular Liquid Gap
0 Cooling Block
P Copper Cooling Coils (12)
R Single Copper Cooling Coil
U Copper Cylinder
V Ice Water Mixture
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